The budding yeast Saccharomyces cerevisiae undergoes robust oscillations in oxygen consumption during continuous growth under nutrient-limited conditions. Comprehensive microarray studies reveal that more than half of the yeast genome is expressed periodically as a function of these respiratory oscillations, thereby specifying an extensively orchestrated program responsible for regulating numerous cellular outputs. Here, we summarize the logic of the yeast metabolic cycle (YMC) and highlight additional cellular processes that are predicted to be compartmentalized in time. Certain principles of temporal orchestration as seen during the YMC might be conserved across other biological cycles.
INTRODUCTION
The budding yeast S. cerevisiae has been known for decades to be capable of exhibiting various modes of oscillatory behavior, both in cell-free extracts and during continuous growth (Chance et al. 1964; von Meyenburg 1969; Satroutdinov et al. 1992; Richard 2003; Klevecz et al. 2004) . We recently studied a continuous culture system that revealed a robust approximately 4-5-hour YMC that occurs under nutrient-limited growth conditions (Tu et al. 2005) . When prototrophic yeast cells are grown in culture to a high density, starved for a short period, and then continuously fed low concentrations of glucose, the population of cells becomes highly synchronized and undergoes robust oscillations of oxygen consumption (Fig. 1 ). During these oscillations, cells proceed through phases where they rapidly consume oxygen, followed by longer phases where they consume much less oxygen (Fig. 1) . The period length of these metabolic cycles under such growth conditions is typically about 4-5 hours, but it can vary depending on the rate of glucose addition (Tu et al. 2005) . Such cycles persist as long as continuous concentrations of glucose are supplied to the cells.
Remarkably, more than half of yeast genes (~57%) are expressed periodically as a precise function of the YMC (Tu et al. 2005) . Genes that encode proteins with a common function often display similar temporal expression patterns, and different classes of genes are up-regulated at entirely different temporal windows of the YMC. Moreover, genes that encode proteins having functions that are associated with energy and metabolism tend to be expressed with exceptionally precise and robust periodicity, suggesting that these cycles are intrinsically metabolic (Tu et al. 2005) .
Analysis of the temporal gene expression profiles revealed three superclusters of gene expression, thereby defining three primary phases of the YMC: OX (oxidative, respiratory), RB (reductive, building), and RC (reductive, charging) ( Fig. 1) (Tu et al. 2005) . Different categories of genes peak during each phase, and cells successively pass through each of the three phases of the YMC in every cycle. The temporal gene expression data predict that the YMC controls precisely when certain cellular and metabolic events occur (e.g., respiration, mitochondria biogenesis, ribosome biogenesis, cell division, fatty acid oxidation, glycolysis, and autophagy), indicating that key cellular processes in a simple eukaryotic cell are compartmentalized in time (Tu et al. 2005) . Such temporal compartmentalization might provide a means for the cell to perform a multitude of metabolic processes in a more coordinated and efficient fashion and help minimize futile reactions, especially under nutrient-limited growth environments. Periodic gene expression patterns prototypical of both the circadian cycle and the YMC signify that organisms have developed a number of sophisticated strategies to take advantage of the dimension of time. 
THREE METABOLIC PHASES IN THE LIFE OF A YEAST CELL
Inspection of the genes that are maximally expressed in each phase of the YMC has provided insight into the cellular outputs and events that occur during particular temporal windows of the YMC. The OX phase is relatively brief compared to the reductive RB and RC phases and is characterized by a period of intense respiration (Fig. 1) . Many ribosomal genes and amino acid biosynthetic genes are induced in the OX phase, suggesting that this phase is dedicated to establishing the protein synthesis machinery for growth and the preparation of cell division (Tu et al. 2005) . Both ribosome and amino acid biosynthesis, which are highly energetically demanding, might be coordinated with the OX phase in order to benefit from copious amounts of ATP that are produced from respiration. Many genes encoding components of the nucleolus, small nuclear RNAs (snRNAs), and transfer RNA (tRNA) synthetases are also up-regulated during OX phase, consistent with the concept that it represents a temporal window devoted to growth. Interestingly, many genes involved in various aspects of RNA processing and degradation are also highly up-regulated during the OX phase (Tu et al. 2005) . Furthermore, many mRNA transcripts are at their lowest levels toward the end of OX phase. These observations suggest that many transcripts are actively being degraded during OX phase, perhaps in response to oxidative damage or in preparation for cell division.
The RB (reductive, building) phase follows the OX phase and is characterized by a significant decrease in the rate of oxygen consumption (Fig. 1) . During the midst of RB phase, oxygen consumption almost entirely ceases, which is marked by a sudden spike in dissolved oxygen levels. During this phase, the overwhelming majority of genes encoding mitochondrial proteins are up-regulated (Tu et al. 2005) . The collective up-regulation of these mitochondrial gene products suggests that cells might be rebuilding their mitochondria during this reductive temporal window, perhaps in response to the previous period of intense respiration in the OX phase. Furthermore, many genes that have functions associated with cell division are also up-regulated during RB phase (Tu et al. 2005) . These gene products include histones, spindle pole body components, and gene products known to be important for the initiation of cell divison. As predicted by the microarray data, the initiation of cell division during the YMC is strictly gated to this reductive RB phase, as normal wild-type cells are never observed to divide during OX phase (Tu et al. 2005) . Approximately 40-50% of cells enter the cell cycle in each metabolic cycle (Tu et al. 2005) .
Interestingly, cell cycle mutants that are forced to partake in cell division during the OX phase of the YMC were found to display higher spontaneous mutation rates (Chen et al. 2007 ). These observations suggest that restriction of DNA replication and cell division to the reductive phases serves to minimize oxidative damage to DNA, thereby reducing the rate of spontaneous mutation (Tu et al. 2005; Chen et al. 2007 ). Restriction of DNA replication to a reductive metabolic environment was also found to occur during short-period, 40-minute yeast oscillations (Klevecz et al. 2004) . The gating of the cell cycle by the YMC might be formally analagous to gating of the cell cycle by the circadian cycle, first observed in cyanobacteria and later in mammals (Mori et al. 1996; Kondo et al. 1997; Matsuo et al. 2003; Nagoshi et al. 2004 ). These findings provide substantial evidence that there has been selective pressure to confine DNA replication to optimal temporal windows. Overall, the RB phase is associated with the induction of many mitochondrial and cell cycle genes during a period of lower oxygen consumption.
The RC (reductive, charging) phase is the longest of the three phases and immediately follows RB phase (Fig. 1 ). During this temporal window, many gene products that specify functions associated with nonrespiratory modes of metabolism are up-regulated (Tu et al. 2005) , including peroxisomal proteins, enzymes involved in the storage and breakdown of carbohydrates, and enzymes necessary for ethanol utilization. The predicted outcome of these reactions is the production of acetyl-CoA units, which is the substrate for respiration, a hallmark of the impending OX phase. These observations indicate that during RC phase, yeast cells become dependent on these additional metabolic strategies for energy production and preparation for OX phase.
Many genes associated with starvation and stress-associated responses are also highly up-regulated during RC phase (Tu et al. 2005) , including components of the vacuole, proteasome, and ubiquitination machinery and genes required for autophagy. In addition, many heat shock protein (HSP) genes are also highly induced. These observations predict the increased and regulated turnover of proteins and organelles during RC phase. Thus, this RC temporal window appears to be dedicated to the rebuilding and recharging of the cell, perhaps in preparation for the subsequent OX phase and a new round of growth. As such, vacuole-mediated catabolism and autophagy might in fact occur normally during the life of a yeast cell under nutrient-poor growth conditions.
PREDICTION AND ANNOTATION OF GENE FUNCTION BASED ON YMC EXPRESSION PROFILES
The temporal expression pattern of a gene during the YMC can often provide insights into the biological function of the encoded protein. For example, the open reading frame YHR075c (PPE1 or MRPS2) was previously identified to encode a mitochondrial ribosomal protein of the small subunit. Upon alignment of the expression patterns of all known genes encoding components of the mitochondrial ribosomes, all of them displayed highly similar temporal expression patterns except for PPE1, which peaks at a time distinct from that of the others (Tu et al. 2005) . Subsequent studies have shown that PPE1 instead encodes a protein with carboxyl methyl esterase activity and might have been misannotated as a mitochondrial ribosomal protein (Wu et al. 2000) . these metabolite profiling data, the logic of metabolite oscillation largely matches that predicted by the YMC transcript data set. Moreover, the metabolite profiling extends this logic in ways not inherently obvious by inspection of gene expression profiles. These results imply that many cellular processes will be intimately coupled to these cyclic changes in a metabolic or redox state and thereby executed more optimally and efficiently.
SIMILARITIES BETWEEN THE YMC AND CIRCADIAN CYCLE
The circadian cycle temporally orchestrates many aspects of organismal metabolism and physiology Lowrey and Takahashi 2004) . Genome-wide expression studies reveal that the circadian clock drives the periodic expression of many genes known to control metabolic state, including those that encode the rate-limiting enzymes of numerous metabolic processes (Harmer et al. 2000; Claridge-Chang et al. 2001; McDonald and Rosbash 2001; Panda et al. 2002) . In mice, the expression of mitochondrial oxidative phosphorylation genes in the suprachiasmatic nucleus (SCN) oscillates in a circadian fashion (Panda et al. 2002) , which indicates that respiration might be periodically up-regulated in a manner similar to the periodic bursts of respiration that are a hallmark of the YMC. The uptake of 2-deoxyglucose is known to be robustly periodic as a function of the day/night cycle in the SCN (Schwartz and Gainer 1977) . Such data indicate that fundamental metabolic processes in SCN neurons fluctuate as a function of the circadian cycle.
Less well understood is the cyclic relationship between metabolism and circadian rhythm, whereby metabolism can, in turn, directly feed back to entrain rhythm. Restricted feeding can reset the phase of circadian gene expression in the liver, which demonstrates that food is a potent zeitgeber for the peripheral oscillators (Damiola et al. 2000; Stokkan et al. 2001) . Moreover, several studies have suggested that small-molecule metabolites can directly modulate the activity of core clock components (Rutter et al. 2001; Dioum et al. 2002) . However, the precise biochemical mechanisms by which food entrainment occurs remain poorly understood.
These numerous connections between metabolism and the circadian cycle parallel the cardinal properties of the YMC (Tu and McKnight 2006) . In both cycles, the periodic expression of genes directs a variety of cellular and metabolic outputs. Both cycles can, in turn, be modulated by feeding conditions and metabolism. A preliminary analysis revealed that among the circadian periodic genes of Drosophila melanogaster that encode proteins with clear homologs in yeast, most of these yeast genes were also highly periodic during the YMC (Table 1) . Such correlative observations might be indicative of either evolutionary conservation of periodic gene expression or a convergent solution to the same biological challenge.
Much like the YMC, the circadian cycle thus has a key role in optimizing cellular and metabolic output via temporal compartmentalization. In turn, metabolic state will likely alternate during the course of each approximately As a second example, the temporal expression profiles of periodic heat shock protein genes (HSP) reveals that two of them (HSP10, HSP60) are expressed maximally in the RB phase, whereas the majority of others peak during the RC phase (Tu et al. 2005 ). Hsp10p and Hsp60p are localized to the mitochondria which is entirely consistent with their expression peaks in the RB phase, which is when other mitochondria gene products tend to be induced. Thus, a simple phase assignment based on expression during the YMC can be useful in predicting the function of uncharacterized genes.
Inspection of the temporal expression profiles of the YMC reveals that genes having a common function occasionally exhibit slightly distinct moments of expression, most notably cell cycle genes. Using a deconvolutionbased algorithm, the precise peaks of expression of cell cycle transcriptionally regulated genes were timed to a resolution of about 2 minutes (Rowicka et al. 2007 ). These data have presented a landscape of the transcriptional events that occur during the yeast cell cycle at a remarkably fine level of detail, and they reveal that many genes are transcribed just when their protein product is needed (a phenomenon termed "just-in-time synthesis"). Future application of such algorithms will provide additional insights into the precision with which cells have temporally optimized their transcriptional output.
BEYOND TRANSCRIPTION
The periodic transcription of genes during the YMC will undoubtedly direct many periodic outputs in the cell. In addition to respiration, cell division, and mitochondrial homeostasis, numerous other fundamental processes are predicted to be temporally regulated by the YMC. As an example, electron microscopic analysis of cells isolated during different temporal windows of the YMC have demonstrated that the vacuole exhibits dynamic changes in morphology during metabolic oscillation (Tu et al. 2005) . During the late RC and Ox phases, the vacuole becomes more prominent and markers of autophagy become visible. These observations suggest that autophagy and vacuole-mediated catabolism might be normal aspects of the life cycle of a cell under nutrient-poor growth conditions. The many oscillating gene expression patterns predict that the YMC should differentially control metabolic state (Tu and McKnight 2006) . Certain metabolites might exhibit periodic fluctuation and, in turn, have a reciprocal role in regulating the YMC. To determine whether cyclic changes in metabolic state might occur during the YMC, both liquid chromatography-tandem mass spectrometry (LC-MS/MS) and two-dimensional gas chromatography/time-of-flight mass spectrometry (GCxGC-TOFMS) metabolite profiling methods were used to monitor the intracellular concentrations of common metabolites at different time points of the cycles ). The results of these surveys show that many metabolites, including amino acids, nucleotides, and carbohydrates, oscillate in abundance with a periodicity precisely matching that of the YMC . From analysis of 24-hour period and feed back to modulate the activity of the circadian machinery. These considerations form an explicit prediction that the circadian cycle is, most fundamentally, a metabolic cycle Tu and McKnight 2006) .
OSCILLATIONS IN COMMON LABORATORY STRAINS OF YEAST?
The prototrophic, genetically tractable CEN.PK strain, first adopted by the European yeast community (van Dijken et al. 2000) , is our strain of choice for the study of these robust, approximately 4-5-hour metabolic cycles. Do common laboratory strains, such as the S288C and W303 strain backgrounds, also exhibit metabolic cycles? These popular yeast strains have been domesticated and contain mutations in multiple metabolic genes that serve as selectable nutritional markers. Although these auxotrophic markers have greatly facilitated the development of genetic screens and tools, they might compromise the output of cellular and metabolic pathways in ways not inherently obvious and elicit compensatory responses that are not typical of wild strains of yeast. For example, a laboratory strain that cannot synthesize adenine, uracil, or methionine will be absolutely dependent on supplementation of these metabolites for growth, which will undoubtedly alter flux through various biosynthetic pathways and hence the regulation of particular metabolic processes. Thus far, even using the parental S288C prototrophic strain, we have only observed low-amplitude oscillations of a period of about 80 minutes (B. Tu, unpubl.) , which seem quite different from the robust approximately 4-5-hour cycles exhibited by the prototrophic CEN.PK strain. Thus, we speculate that many common laboratory strains have been compromised in their ability to oscillate, specifically due to domestication and the presence of auxotrophic nutritional markers.
LOG-PHASE, NUTRIENT-RICH GROWTH VS. CONTINUOUS, NUTRIENT-POOR CHEMOSTAT GROWTH
How do the chemostat growth conditions used to observe the YMC compare to traditional log-phase growth conditions? Although the use of log-phase growth conditions is convenient and often informative, they might not always be representative of the conditions encountered by yeast in the wild. Yeast typically grow in colonies, where the cell density is very high and the distance between cell neighbors is very small. In the wild, yeast colonies will likely be exposed to environments where nutrients are poor, unlike the nutrient-rich conditions of log phase. Thus, the dense population of cells in the chemostat that undergo the YMC might approximate a colony exposed to a nutrient-poor environment. Under these challenging conditions, yeast cells deploy a more extensive assortment of regulatory strategies that are not typical of laboratory strains grown at log phase. Under nutrient-rich growth conditions, yeast tend not to perform mitochondrial respiration. Likewise, many classes of genes, including those encoding products required for respiration and fatty acid oxidation, are minimally expressed in log phase (Ghaemmaghami et al. 2003) . In contrast, almost all genes required for mitochondrial and peroxisomal function are not only expressed, but also coordinately activated during precise temporal windows of the YMC (Tu et al. 2005) . Thus, the growth conditions (i.e., high cell density and nutrient-limited) used to observe the YMC are perhaps more representative of what yeast cells encounter in the wild. Moreover, the use of chemostats for yeast growth enables the maintenance of constant pH, temperature, aeration, and nutrient levels, thereby ensuring continuous, homogeneous growth conditions that are not easily achievable by use of batch cultures grown under high-glucose conditions. In doing so, the use of chemostats has enabled the observation of aspects of the life of a yeast cell that would otherwise be either obscure or not even utilized. Indeed, as the famous physicist Leo Szilard, inventor of the chemostat, once predicted: "a study of this slow-growth phase by means of the chemostat promises to yield information of some value on metabolism, regulatory processes, adaptations, and mutations of microorganisms." (Novick and Szilard 1950) 
CONCLUSIONS
In summary, the yeast metabolic cycle is composed of an intricate transcriptional program that specifies a variety of periodic cellular outputs during the life of a yeast cell. In doing so, many fundamental cellular and metabolic processes are precisely compartmentalized in time, enabling cells to optimize metabolic output and improve fitness under nutrient-poor growth conditions. As a consequence of temporal compartmentalization, cyclic changes in metabolic state occur during the YMC, which might have an essential reciprocal role in the establishment and maintenance of metabolic oscillation. The numerous similarities between the YMC and circadian cycle suggest that certain principles of temporal orchestration might be conserved across other biological cycles and further indicate that the circadian cycle can be viewed as fundamentally a metabolic cycle. It is hopeful that future studies of the yeast metabolic cycle will continue to contribute to our understanding of the mechanisms of temporal compartmentalization and the basis of the circadian and other biological cycles.
